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Copper ion implantation and subsequent annealing at 600 C achieved high electrical conductivity
of 95.0 (Xcm)1 for ultrananocrystalline diamond (UNCD) films with carrier concentration
of 2.8 1018 cm2 and mobility of 6.8 102 cm2/V s. Transmission electron microscopy
examinations reveal that the implanted Cu ions first formed Cu nanoclusters in UNCD films,
which induced the formation of nanographitic grain boundary phases during annealing process.
From current imaging tunneling spectroscopy and local current-voltage curves of scanning
tunneling spectroscopic measurements, it is observed that the electrons are dominantly emitted
from the grain boundaries. Consequently, the nanographitic phases presence in the grain
boundaries formed conduction channels for efficient electron transport, ensuing in excellent
electron field emission (EFE) properties for copper ion implanted/annealed UNCD films with low
turn-on field of 4.80 V/lm and high EFE current density of 3.60mA/cm2 at an applied field of
8.0V/lm.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4865325]
I. INTRODUCTION
Cold cathode materials with outstanding electron field
emission (EFE) characteristics, such as low turn-on field and
high current density, have been very useful for vacuum elec-
tronic devices such as electron source for high energy accel-
erators, electron microscopes, X-ray sources, cathode-ray
tube monitors, and microwave amplifiers.1–3 Diamond is a
good electronic candidate for solid-state electronics emitters
because of its negative electron affinity (NEA) surface.4–6
Ultrananocrystalline diamond (UNCD) film, which acquires
ultrasmall grain sizes of 5–10 nm with very smooth film
surfaces, has recently attained broad interest because of its
superb EFE behavior as compared to that of microcrystalline
and nanocrystalline diamond films.7,8 The grains in UNCD
films consist of sp3 character and the grain boundaries con-
tain a mixture of sp2, sp3, hydrocarbon and amorphous car-
bon (a-C), in which the sp2 phases are the predominant
phases.9 Inducing graphitic grain boundary phases by incor-
poration of N2 into plasma during UNCD film’s growth can
efficiently improve the electrical conductivity and the EFE
properties of the films.10–13 However, high growth tempera-
ture (about 800 C) is entailed to activate the dopants for cre-
ating the admirable conductivity in the UNCD films.14,15
Alternatively, ion implantation has been suggested as a
possible way to incorporate a variety of dopants for creating
highly conducting UNCD films.16–21 Oxygen and phospho-
rous ion implantation on UNCD films provide n-type con-
ductivity but the electrons are transported through the films
by the a-C grain boundaries.20,21 However, the conductivity
of a-C grain boundary phases of UNCD films is not
adequately high and consequently restrains the EFE
properties achievable for UNCD films.8 Converting a-C in
the grain boundaries of UNCD films into crystalline carbon
seems to be the right track in further enhancing the conduc-
tivity of the UNCD films. In contrast, Au ion implantation
has been observed to markedly enhance the EFE properties
of UNCD films,19 due to the induction of graphitic phases in
the grain boundaries of UNCD films. However, the Au ions
are deep donors,22 which are harmful in the manufacturing
of Si-based devices such as integrated circuits and solar
cells. The search for ions which are more compatible with
the Si-based devices and enhancement of the EFE properties
of the UNCD films is necessary. Copper is widely used as
interconnects and contact materials in electronics and ultra
large scale integration due to its low cost, excellent electrical
conductivity (1.67 lX cm for bulk) and good electromigra-
tion resistance.23,24 Recently, Cu ion implantation has been
observed to locally modify the surface of silica glass to cre-
ate periodic plasmonic microstructures with Cu nanopar-
ticles,25 to induce the ferromagnetism in GaN,26,27 and to
provoke the formation of a-C and/or graphite like phase in
the polycarbonate matrices, rendering them conducting.28,29
Moreover, Cu has been utilized for synthesizing the gra-
phene in chemical vapor deposition process, implying that
Cu has some degree of solubility to carbon species and cata-
lytically induce the formation of sp2-bonded carbons.30
Therefore, it sees that Cu ions are appropriate for ion implan-
tation into UNCD films to trigger the formation of nanogra-
phite clusters so as to enhance the EFE properties for these
films.
In this context, UNCD films were implanted by Cu ions
followed by annealing at 600 C for obtaining high electrical
conductivity and superior EFE properties of UNCD films.
Importantly, current imaging tunneling microscopy (CITS)
in scanning tunneling spectroscopy (STS) mode is used toa)Electronic addresses: nhtai@mx.nthu.edu.tw and inanlin@mail.tku.edu.tw.
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directly detect the increased emission site densities in Cu ion
implanted/annealed UNCD films than the pristine UNCD
films in nanometer scale. The modifications to the micro-
structure of these films due to Cu ion implantation/annealing
processes were investigated in detail using transmission elec-
tron microscopy (TEM). We observed that the possible
mechanism of high electrical conductivity and improved
EFE properties of UNCD films is the induction of nanogra-
phite phases in the films.
II. EXPERIMENTAL
UNCD films were grown on n-type silicon substrates in
a microwave plasma enhanced chemical vapor deposition
system (2.45GHz, 600 IPLAS-CYRANNUS-I, Troisdorf,
Germany). The Si substrates were first thoroughly cleaned
by rinsing the Si substrates in a water-diluted hydrogen per-
oxide/ammonium hydroxide and hydrogen peroxide/hy-
drochloric acid solution sequentially. Then the cleaned Si
substrates were ultrasonicated in methanol solution contain-
ing nanodiamond powders (about 4 nm in size) and titanium
powders (<32.5 nm) (SIGMA ALDRICH) for 45min to
facilitate the nucleation of diamond. The UNCD films were
grown on the Si substrates in a CH4/Ar¼ 1/99 sccm plasma
excited by 1200W microwave power with 200 mbar pressure
for 3 h to a thickness about 1 lm. No external heater was
used to heat the substrate. The substrate was heated up by
plasma bombardment to a temperature of 470 C, which was
monitored by a thermocouple embedded in the stainless steel
substrate holder. The 300 keV copper ions with an ion flu-
ence of 1 1017 ions/cm2 were implanted on UNCD films at
room temperature in a pressure below 2 107 mbar, fol-
lowed by annealing at 600 C in N2 atmosphere for 30min.
The pristine UNCD films are designated as “UNCDP,”
whereas the Cu ion implanted/annealed films are called as
“UNCDCuA.”
Hall measurements were carried out in a van der Pauw
configuration (ECOPIA HMS-3000) to observe the conduct-
ing behavior of these films. The EFE properties of the sam-
ples were measured with a parallel plate setup, in which the
cathode (UNCD films)-to-anode (molybdenum rod with a di-
ameter of 2mm) distance was controlled using a micrometer.
The current density versus electrical field (J-E) characteris-
tics were measured using an electrometer (Keithley 2410) at
pressure below 1.3 106 mbar. The EFE characteristics of
materials were molded using the Fowler-Nordheim (F-N)
theory.31 The local electron emission behavior in the ion
implanted UNCD films was investigated by ultra high
vacuum-scanning tunneling microscopy (UHV STM; 150
Aarhus, SPECS GmbH, Germany). The STM tips were pre-
pared by electrochemical etching of tungsten wires and the
measurements were proceeded at room temperature with a
base pressure of 1010 mbar. The STM imaging was per-
formed with a constant current of 0.59 nA and a bias voltage
of 5V. CITS with voltages ramping from 5 to 5V were
measured concurrently during the STM image scanning at
fixed height of tip over the examined region. A STS spec-
trum was computed from an average of many I–V curves
taken at different positions in the STM image.
The surface morphology of the films was investigated
by field emission scanning electron microscopy (FESEM;
JEOL-6500). The crystalline quality and the depth profile of
the UNCD films was characterized by Raman spectroscopy
(Lab Raman HR800, Jobin Yvon; k¼ 632 nm) and second-
ary ions mass spectroscopy (SIMS; Cameca IMS-4f), respec-
tively. The chemical bonding structures of the films were
investigated by X-ray photoelectron spectroscopy (XPS; PHI
1600). High resolution transmission electron microscopy
(HRTEM; JEOL-2100 F) was examined to characterize the
microstructures of the UNCD films.
III. RESULTS AND DISCUSSION
A. Materials characteristics
The SIMS depth profile shown in Fig. 1 suggests that
copper ions are implanted into UNCD films to a depth of
about 560 nm with peak concentration located at around
250 nm beneath the surface. This profile confirms that Cu
ions have been implanted in the UNCD films. Fig. 2(a)
shows Hall measurements of UNCD films in a van der Pauw
configuration with the measuring probes directly in contact
with the films [inset of Fig. 2(a)]. While the UNCDP films
are too resistive to be measured using the van der Pauw con-
figuration [curve I, Fig. 2(a)], the UNCDCuA films show high
electrical conductivity of 95.0 (X cm)1 with carrier concen-
tration of 2.8 1018 cm2 and mobility of 6.8 102 cm2/V s
[curve II, Fig. 2(a)]. The obtained electrical conductivity of
UNCDCuA films are higher than that of the phosphorous and
oxygen ion implanted UNCD films (see Table I).20,21
The effect of Cu ion implantation/annealing processes in
modifying the EFE properties of UNCD films is shown in
Fig. 2(b) with the inset indicating the corresponding F-N
plot. The turn-on field (E0) is designated as the interception
of the high and low-field line segments of the F-N plots, viz.,
ln(Je/E
2) versus 1/E [inset of Fig. 2(b)]. The Cu ion implanta-
tion/annealing processes improved markedly the EFE proper-
ties of the UNCD films that are evidently due to the increase
in conductivity of the films. The E0 value for the EFE pro-
cess decreased from (E0)UNCDP¼ 17.1V/lm for UNCDP
films [curve I, Fig. 2(b)] to (E0)UNCDCuA¼ 4.80V/lm for
UNCDCuA films, whereas the EFE current density increased
FIG. 1. SIMS depth profiles of C, Cu, Si, and O species in Cu ion implante-
d/annealed (UNCDCuA) films.
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from (J)UNCDP¼ 1.03mA/cm2 (at an applied field of
33.5V/lm) to (J)UNCDCuA¼ 3.60mA/cm2 (at an applied field
of 8.0V/lm). Such kind of EFE properties of UNCDCuA
films are comparable to that of conducting UNCD films ever
reported (see Table I).13,19
Fig. 3(a) shows the morphological changes in the UNCD
films due to Cu ion implantation/annealing processes using
field emission scanning electron microscopy (FESEM; JEOL-
6500). The UNCDP films contain equi-axed ultrasmall grain
microstructure. The Cu ions implantation/annealing processes
rendered the surface morphology of UNCDP films to a fea-
tureless surface morphology [inset of Fig. 3(a)]. The effect of
Cu ion implantation/annealing processes on altering the bond-
ing characteristics of UNCD films is investigated using
visible-Raman spectroscopy. The Raman spectra were decon-
voluted by using the multi-peak Lorentzian fitting method
and are shown in Fig. 3(b). Peaks at around 1160 cm1 and
1475 cm1 are attributed to the 1 and 3 modes of trans-po-
lyacetylene (t-PA) present in the grain boundaries of UNCDP
films [curve I, Fig. 3(b)].32,33 A broadened peak around
1340 cm1 (designated as D*-band), which corresponds to
the disordered sp2 bonded carbon, is observed in UNCDP
films.34,35 The G-band of the UNCDP films is observed at
around 1540 cm1. A shoulder peak around 1600 cm1 (des-
ignated as G0 band) is seen that possibly arises from the nano-
crystalline graphitic content in the films.35 Raman resonance
D peak at 1332 cm1 corresponding to sp3-bonded carbon
shows less intensity for UNCDP films, because the
visible-Raman spectroscopy is more sensitive to sp2-bonded
carbon as compared to that of sp3-bonded one.7 The Cu ion
implantation/annealing processes altered the bonding charac-
teristics of the UNCD films markedly that is shown in curve
II of Fig. 3(b). This figure shows higher intensities of D* and
G peaks and the higher intensity of G0 band is also observed
for UNCDCuA films. These observations indicate
FIG. 2. (a) Electrical conductivity and (b) electron field emission properties
of I. UNCDP, II. UNCDCuA films. The inset of (b) shows the corresponding
Fowler-Nordheim (F-N) plot.
TABLE I. Comparison on the electrical conductivity measured and turn-on
field of electron field emission for the conducting UNCD films.
Materials
Electrical
conductivity
(X cm)1
Turn-on field
(V/lm) References
N2 doped UNCD 200 6.13 13
Au ion implanted UNCD 185 4.88 19
O2 ion implanted UNCD/annealing 33.3 – 20
P ion implanted UNCD/annealing 0.09 – 21
Cu ion implanted UNCD/annealing 95 4.80 This study
FIG. 3. (a) FESEM image of UNCDP films with inset shows the FESEM
image of UNCDCuA films. (b) visible-Raman spectra of I. UNCDP and II.
UNCDCuA films taken with 632 nm laser line.
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amorphization and graphitization type of transitions in the
UNCD films due to Cu ion implantation and annealing. The
position of the 1 and 3 bands shifted to higher wave num-
bers. The shifting is probably a sign of the breaking of t-PA
chains due to Cu ion implantation/annealing processes. The
increase of the ID/IG values and G band shift to higher wave
number imply the formation of nanographite phases and
decrease in sp3 content according to increasing disorder in
carbon materials.35,36 That is, there is conversion of sp3 to sp2
content. Restated the disorder/a-C phases are converted into
graphitic phases due to the Cu ion implantation/annealing
processes of UNCD films.
The surface chemical bonding characteristics of UNCD
films were investigated by X-ray photoelectron microscopy
(XPS; PHI 1600). The C1s photoemission spectra of UNCD
films are shown in Fig. 4. The measurement was conducted
without ion sputtering etching to avoid reconfiguration of the
bonds. The background was subtracted using Shirley’s
method37 and the data were fitted with Lorentzian peaks with
binding energies at 284.4, 285.1, and 287.0 eV corresponding
to sp2 C¼C, sp3 C-C and C-O/C-O-C bonds, respectively.
Their relative intensities are tabulated in Table II. In UNCDP
films [curve I, Fig. 4], sp3 C-C bonding is predominant with
the peak intensity of 55.3% accompanying with sp2 C¼C in-
tensity of 36.7% and C-O/C-O-C peak intensity of 8.0%;
whereas, in UNCDCuA films, sp
2 C¼C peak is predominant
with the peak intensity of 71.5% [curve II of Fig. 4]. The
increase in sp2 content upon Cu ion implantation/annealing is
consistent with our Raman data [c.f. Fig. 3(b)]. Conspicuously,
we have found the significant Cu2p3/2 and Cu2p1/2 peaks from
UNCDCuA films (figure not shown), implying that Cu ions
aggregated to form Cu nanoclusters due to Cu ion
implantation.
B. Scanning tunneling spectroscopy
To reveal how the changes in microstructure and con-
centrations of sp2 and sp3 phases affect the EFE properties of
these films, the local electronic properties of the films were
investigated by CITS in STS mode to directly divulge the
emission sites in these films. STS measurements of pristine
and Cu ion implanted/annealed UNCD films were systemati-
cally performed to study the effect of these processes on the
density of emission sites. Pristine UNCD films are resistive
for STM measurements. The surface of UNCDP film became
conducting when sputter ion-etched with Arþ ions for 1min
by removing nearly 1 nm thickness inside the XPS chamber.
STM measurements are made after that and Fig. 5(a) shows
the STM image of UNCDP film surface. The grain size of
FIG. 4. C1s XPS spectra of I. UNCDP and II. UNCDCuA films.
TABLE II. Relative intensities of various components of C1s XPS spectra
for pristine (UNCDP) and Cu ion implanted/annealed (UNCDCuA) UNCD
films.
Chemical bonding (%)
Samples sp2 C¼C (284.2) sp3 C-C (285.1) CO/C-O-C (287.0)
UNCDP 36.7 55.3 8.0
UNCDCuA 71.5 25.2 3.3
FIG. 5. The STM image of (a) UNCDP and (c) UNCDCuA films with (b) and
(d) showing the CITS image corresponding to (a) and (c); the HRSTM
image of (e) UNCDCuA UNCD films with (f) the corresponding CITS image.
The CITS images were acquired at a sample bias of 5V.
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UNCDP film is between 3 and 5 nm, and a grain of 5 nm size,
marked as “i,” is not very smooth due to sputtering. A typical
grain boundary is marked as “ii.” Fig. 5(b) shows the current
map of CITS image corresponding to Fig. 5(a) taken at a
sample bias of 5V. Bright and dark regions in CITS image
are visible with their shapes having similarity with the
shapes of grain boundaries (ii) and grains (i) of the STM
image in Fig. 5(b), respectively. Bright contrast in the CITS
image represents better electron emission.31 The CITS image
(Fig. 5(b)) shows clearly that the emission sites are mainly
located along the grain boundaries.
Figure 5(c) shows that there are presence of ultra-smaller
grains which occur due to the Cu ion implantation/annealing
processes and the corresponding CITS image is shown in Fig.
5(d), taken at a sample bias of 5V. Typical grains and grain
boundaries in this image are marked as “i” and “ii,” respec-
tively. The corresponding positions in the CITS image (Fig.
5(d)) are also marked “i” and “ii”. Interestingly, the emission
site density increases significantly in UNCDCuA films than
UNCDP films. It looks as if the whole film surface emits.
Figure 5(e) shows the high resolution STM (HRSTM) image
of UNCDCuA films. We could observe uniform diamond
grains of nearly 5 nm. Typical grain and grain boundary are
marked as “iii” and “iv” in Fig. 5(e). Figure 5(f) shows the
CITS image corresponding to Fig. 5(e) taken at the sample
bias of 5V. It is observed that the emission sites are along
the grain boundaries of the smaller grains marked as “iv” in
Fig. 5(f), indicating that grain boundaries are the prominent
electron emission sites.
The local electronic properties are characterized by
measuring the local current versus voltage (I-V) curves of
UNCDCuA films from STS measurements at various sample
positions as on the grains and grain boundaries in HRSTM
image shown in Fig. 5(e). Only the negative portion of the
I-V curves is shown in Fig. 6, as the negatively biased cur-
rent corresponds to the tunneling of electrons from the dia-
mond surface to the tungsten tip and is proportional to the
density of occupied states in the diamond. Ten reproducible
I-V spectra corresponding to each emission sites (grain and
grain boundaries of UNCDCuA film as shown in Fig. 5(e))
were recorded during the I-V measurements. It should be
noted that the curves “G” and “GB” correspond to grain and
grain boundary of UNCDCuA films, respectively (locations
“iii” and “iv” in Fig. 5(e), respectively). We observed a sig-
nificant change in I-V characteristic curves both at the grain
and at the grain boundary for UNCDCuA films. The grain
boundaries (curve II) emit at a lower sample bias compared
to the grains (curve I). Moreover, the conductivity of the
grain boundaries is better than that of grains in both films,
which is consistent with the CITS image, showing bright
emissions around the grain boundaries shown in Figs. 5(e)
and 5(f).
C. Transmission electron microscopy
The STS measurements illustrate clearly the benefit of
Cu ion implantation/annealing processes on increasing the
number density of field emission sites. However, the authen-
tic factor for such an effect is still not clear. The microstruc-
tural evolution induced by the Cu ion implantation/annealing
processes is actually more important information for under-
standing the change in electrical conductivity and EFE prop-
erties of UNCDCuA films. The microstructure of the
UNCDCuA films was examined using TEM (JEOL-2100 F,
200 eV). Fig. 7(a) shows the typical bright field image for
the UNCDCuA films. Inset in Fig. 7(a) shows the selective
area electron diffraction (SAED) pattern which illustrates
that, besides the diffraction rings corresponding to the
(111)D, (220)D, and (311)D lattice planes of diamond, there
presents an extra diffraction ring corresponding to Cu mate-
rial (designated as (111)Cu). To elucidate the localized bond-
ing structure of the UNCD films, the selective area electron
energy loss spectra (EELS) of the films were acquired and
were shown in Figs. 7(b) and 7(c). Notably, the EELS spec-
tra of UNCDP films were included in these figures (curve I)
to facilitate the comparison. Core-loss EELS spectrum
shown as curve II in Fig. 7(b) indicates a small hump, repre-
senting sp2-bonded carbon (285 eV, p*-band) besides the
typical EELS signal of sp3-bonded carbon, i.e., a sharp peak
at 290 eV (r*-band) and a dip in the vicinity of 302 eV.38,39
Moreover, plasmon-loss EELS spectrum shown as curve II
of Fig. 7(c) reveals that the sp2-bonded carbon contained in
these films is graphitic in nature, as it contains a large diffuse
peak near 27 eV.40 Particularly, for a plasmon-loss EELS
spectrum corresponding to sp3-bonded carbon in a diamond
material, a peak near 33 eV (xd2-peak) representing the bulk
plasma of diamond clusters with a shoulder near 23 eV
(xd1-peak) representing surface plasma of the clusters should
be observed which are illustrated in curve I of Fig. 7(c).40
Figure 8 shows the structure image for UNCDCuA films
corresponding to region A in Fig. 7(a). Fourier transformed
(FT) diffractogram of the whole structure image (FT0) shows
a spotted diffraction pattern arranged in ring, suggesting of
nano-sized nature of the diamond (D) and the copper (Cu)
phases. The diffused diffraction ring located at the center of
FT image corresponds to graphitic (G) phase. The existence
of diamond (D) and copper (Cu) phases are highlighted by
regions 1 and 2, respectively, which are identified by the FT
images FT1 and FT2, respectively. The presence of graphitic
FIG. 6. The (a) local I-V curves obtained in STS measurements at the grain
“G” and the grain boundary “GB” of UNCDCuA films [marked as “iii” and
“iv” in high resolution STM image in Fig. 5(e)], where the thick line drawn
corresponds to the average of 10 I-V curves at the designated points.
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phases near the Cu nanoclusters was highlighted by region 3
that is confirmed by the FT image FT3. Notably, the Cu
nanoclusters [region 2, Fig. 8] are not sharply defined, imply-
ing that there is some interdiffusion between the Cu nano-
clusters and the surrounding diamond lattices. On the basis
of TEM investigations for the UNCDCuA film, it is noticed
that Cu ion implantation/annealing processes induced the
formation of nanographitic phases, in concurrence with the
Raman and the XPS investigations.
In our previous studies, it has been observed that the ex-
istence of grain boundary phases, a-C or graphite, surround-
ing the nano-sized diamond grains of the UNCD films are
the prime factors for the enrichment in electrical conductiv-
ity and EFE properties of UNCD films.8,13 Similar conduc-
tion mechanism has been applied for explaining the
improved electrical conductivity of UNCDCuA films: viz.,
the Cu ion implantation constructively formed the Cu nano-
clusters in the UNCD films and the subsequent annealing
process induced the nanographitic phases in the periphery of
Cu nanoclusters. The electrons can transported easily
through the nanographitic phases to the emitting surface and
are then emitted to vacuum without any difficulty as the dia-
mond surfaces are NEA in nature.5,6 Consequently, the for-
mations of Cu nanoclusters due to Cu ion implantation and
the existence of nanographitic phases due to annealing are
the genuine factors for the superior EFE properties of the
UNCDCuA films.
IV. CONCLUSION
In summary, we have demonstrated a feasible way of
fabricating conducting UNCD films with enhanced EFE
properties due to Cu ion implantation/annealing processes.
The UNCDCuA films are highly conducting and show more
emission sites in the CITS measurements as compared to
UNCDP films. Presumably, the formations of Cu nanoclus-
ters due to Cu ion implantation and the induction of nanogra-
phitic phases among the Cu nanoclusters due to annealing at
600 C improve the conducting nature of the films that are
possibly the major reasons for the enhanced EFE properties
of the UNCDCuA films. The superior EFE characteristics of
highly conducting UNCD films via simple and robust Cu ion
implanted/annealed processes open the prospects of high def-
inition flat panel displays or microplasma based devices.
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